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Atypical Protein Kinase C- Is Essential
for Delayed Phagocytosis of Helicobacter pylori
triggered rapid phagocytosis and sustained activation
of PKC. Moreover, IgG-Hp was less able to resist phago-
cytic killing than were unopsonized organisms (Figure
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The University of Iowa and 1C). These data reinforce two important themes [2]: that
multiple mechanisms of phagocytosis exist and that theThe Veterans Affairs Medical Center
Iowa City, Iowa 52242 mechanism of entry affects bacterial fate in macro-
phages.
BMMs express five PKC isoforms: conventional PKC
and -, novel (calcium-independent) PKC and -, andSummary
atypical (calcium and diacylglycerol [DAG]-indepen-
dent) PKC (Figure S2). In Hp-infected BMMs, PKC andPhagocytosis is a rapid actin-dependent endocytic
PKC translocated from the cytosol to the membraneprocess used by macrophages and neutrophils to in-
(Figure 1D) and accumulated on forming Hp phago-gest and kill microorganisms [1, 2]. Perturbation of
somes (Figure 1E), whereas other PKCs did not. Asphagocytosis is central to the ability of some patho-
judged by in vitro kinase assays, Hp stimulated a 3.6 genic microbes to cause disease, and we demon-
0.2-fold increase in PKC activity and a 2.3  0.7-foldstrated previously that the ulcerogenic bacterium Heli-
increase in PKC activity (Figure 1F), and maximal PKCcobacter pylori (Hp) actively retards its uptake by
activity coincided with incorporation of 32Pi intomacrophages and subsequently persists inside novel
MARCKS (Figure 1B). Activation of PKC by Hp is nota-vacuoles called megasomes [3]. Neither the receptor
ble for three reasons. First, unlike other PKC isoforms,that mediates Hp binding nor the signaling pathways
atypical PKCs are not regulated by DAG or phorbol es-that regulate bacterial engulfment have been defined.
ters [6]. Second, a role for PKC in phagocytosis hasNevertheless, the fact that other phagocytic stimuli do
not been described. Rather, several studies have shownnot exhibit delayed phagocytosis [4, 5] suggests that
that PKC, , and  are activated in macrophages andHp may be ingested by a unique mechanism. We now
neutrophils during phagocytosis of IgG particles,show that Hp transiently activated protein kinase
whereas PKC is not [5, 7–12], and sustained associationC (PKC) in macrophages and that atypical PKC and
of PKCwith phagosomes is required for microbe killingnovel PKC, but not conventional PKC, accumu-
and phagosome-lysosome fusion [4, 7, 13, 14]. Strik-lated on forming phagosomes. Pharmacologic agents,
ingly, PKC was not activated during Hp internalization,isoform-selective pseudosubstrate peptides, and anti-
and prolonged exposure of immunoblots revealed smallsense oligonucleotides demonstrated that PKC regu-
amounts of membrane PKC only after Hp uptake waslated local actin polymerization and bacterial en-
complete (Figure 1D, 15 min). Third, a recent report indi-gulfment, whereas other PKC isoforms did not. In
cates that active PKC inhibits PKC in L6 skeletal mus-contrast, opsonization of Hp with immunoglobulin G
cle cells [15]. Whether this also occurs in phagocytes(IgG) induced rapid PKC-independent uptake and en-
is unclear. Nevertheless, it is tempting to speculate thathanced killing of ingested bacteria. A role for atypical
PKC and PKC are activated in a mutually exclusivePKCs in phagocytosis has not been described. We
manner, and it will be of interest to determine whetherconclude that Hp defines a new phagocytic pathway
PKC is activated by other pathogens that survive inin macrophages that is regulated by PKC.
mononuclear phagocytes.
Next, we treated BMMs with PKC inhibitors to deter-
Results and Discussion mine whether PKC activity was essential for Hp internal-
ization. Chelerythrine and staurosporine are potent in-
Transient Activation of PKC and PKC, but Not hibitors of all PKC isoforms, and both of these agents
PKC, during Phagocytosis of H. pylori inhibited Hp phagocytosis in a dose-dependent manner
Ulcerogenic (type I) strains of Hp actively retard their (Figure 2A). Concentrations of chelerythrine and stauro-
uptake by macrophages [3], and internalization of adher- sporine that blocked Hp uptake also impaired phosphor-
ent bacteria occurs after a lag of several minutes (Figure ylation of MARCKS (Figure 2B). On the other hand, selec-
1A; [3]). To assess whether PKC was activated during tive inhibition of conventional PKCs with Go6976 was
Hp ingestion, we quantified in vivo phosphorylation of the without effect, and blockade of conventional and novel
myristoylated alanine-rich C kinase substrate (MARCKS). PKCs with calphostin C was only mildly inhibitory (13%–
Hp infection of bone marrow macrophages (BMMs) in- 23% decrease) (Figures 2A and 2B). These data are
duced a transient 2.5-fold increase in MARCKS phos- consistent with our finding that PKC was not activated
phorylation (Figure 1B) that peaked prior to the accumu- by Hp (Figures 1D and 1E) and further suggest that
lation of F-actin on forming phagosomes ([3]; see Figure neither conventional nor novel PKCs are required for Hp
S1 in the Supplementary Material available with this phagocytosis. Unlike Hp, internalization of IgG-Hp was
article online). By contrast, binding of IgG beads [5] or moderately but comparably inhibited by calphostin C,
IgG-coated Hp (Figures 1A and 1B) to macrophages chelerythrine, and staurosporine (Figure 2C). These data
are consistent with the hypothesis that Hp and IgG-Hp
are ingested via different mechanisms and confirm the1Correspondence: lee-ann-allen@uiowa.edu
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Figure 1. Transient Activation of PKC and
PKC during H. pylori Phagocytosis
(A) Attachment of Hp 11637 (Hp) or IgG-
opsonized 11637 (IgG-Hp) to BMMs was syn-
chronized by centrifugation, and bacterial in-
ternalization was quantified after 0–15 min at
37C [21]. Data indicate the mean  SD (n 
3). Comparable data were obtained with Hp
60190.
(B) 32Pi-labeled BMMs were infected with Hp
11637 or IgG-Hp for 0–15 min, and 32Pi-
labeled MARCKS was detected as described
[4]. A.U., arbitrary units. Data indicate the
mean  SD (n  3).
(C) Killing of Hp 11637 and IgG-Hp by macro-
phages was quantified after 0.5–24 hr at 37C
[3]. The data shown are representative of
three experiments and indicate bacterial via-
bility relative to the number of live intracellular
organisms at 15 min. Similar data were ob-
tained with Hp DT61A.
(D) BMMs were infected with Hp 11637 for
0–15 min, and translocation of PKC, , or 
to the membrane fraction was assessed by
Western blotting. One experiment represen-
tative of four is shown. PKC, , and  immu-
noblots were exposed for 30, 2, and 5 min,
respectively.
(E) Confocal sections showing enrichment of
PKC and PKC, but not PKC, on 4-min Hp
phagosomes. Arrowheads indicate cell pe-
rimeters.
(F) Activity of PKC and PKC immunoprecipi-
tated from resting BMMs (Basal) or cells in-
fected with Hp 60190 (Hp) for 5 min [18]. Data
indicate the mean  SD (n  3).
ability of novel PKCs to regulate phagocytosis of IgG- Hp phagocytosis. None of the inhibitors affected Hp
binding to BMMs.coated particles [7, 9].
To verify these findings, we treated BMMs with 2.5
	M phorbol myristate acetate (PMA) overnight to down- PKC Is Essential for Phagocytosis of H. pylori
To directly test the requirement for individual PKC iso-regulate PKC. PMA treatment depleted BMMs of PKC,
, and  and reduced PKC levels by half; yet, they forms in Hp uptake, we treated macrophages with phos-
phorothioate (PT)-modified antisense oligodeoxynucleo-had no effect on PKC (Figure S2). Despite this marked
alteration in overall PKC content, phagocytosis of Hp tides (ASODN) to selectively inhibit translation of PKC,
, or . As shown in Figures 2D and 2E, elimination ofwas not impaired (Figure 2A). Our finding that cheler-
ythrine and staurosporine abolished phagocytosis of PKC had no effect on Hp ingestion, and depletion of
PKC reduced bacterial uptake by only 16%  4% (n Hp, whereas Go6976, calphostin C, and overnight treat-
ment with PMA did not, suggests a prominent role for 4). Using PKC ASODN (5 	M, 3 days), we could reduce
but not eliminate PKC translation. This was not surpris-PKC (alone or in combination with PKC) in regulating
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Figure 2. PKC Is Required for Phagocytosis of H. pylori
(A) Control BMMs, cells treated with Go6976 (Go), calphostin C (CC), staurosporine (St), or chelerythrine (Ch) for 30 min, or cells treated with
2.5 	M PMA overnight were infected with Hp 11637 for 30 min, and phagocytosis was quantified (n  6). None of the inhibitors employed
affected Hp binding to BMMs (9–12 Hp/cell).
(B) Effect of 10 	M Ch, 1 	M St, 1 	M Go, or 500 nM CC on MARCKS phosphorylation in BMMs infected with Hp 11637 for 5 min. U, uninfected
cells. Data are representative of four experiments.
(C) Phagocytosis of IgG-opsonized 11637 by control BMMs (Con) or cells treated with 500 nM CC, 10 	M Ch, 1 	M St, or 75 	M -PS peptide
(Z-PS) (n  3). PKC inhibitors did not affect IgG-Hp binding (10–14 Hp/cell).
(D and E) Macrophages were treated with 5–12 	M sense or antisense oligos [22, 23] to PKC (Alpha), PKC (Epsilon), or PKC (Zeta) for 3
days. (D) Western blots of control (C), sense (S)-, or antisense (AS)-treated macrophages probed with antibodies to PKC, , and . (E) Effect
of oligos on phagocytosis of Hp 11637 (n  4). Con, untreated macrophages; AS, ES, and ZS, cells treated with sense oligos to PKC, , or
; AAS, EAS, and ZAS, cells treated with ASODN to PKC, , or . Oligos did not affect Hp binding (7–10 Hp/cell).
(F) Effect of PS peptides directed against PKC/ (/-PS) and PKC (-PS) on phagocytosis of Hp 11637 (n  3). PS peptides did not alter
Hp binding (8–11 Hp/cell). Comparable data were obtained with Hp 60190. Inset, PKC autophosphorylation in untreated BMMs (lane 1), or
cells infected with Hp after preincubation with 75 	M -PS (lane 2) or /-PS (lane 3) peptides.
ing, as PKC is required for cell survival, and reduction tide specific for PKC. As shown in Figure 2F, the PKC-
PS peptide inhibited Hp phagocytosis in a dose-depen-of PKC by more than 80% induces apoptosis in human
monocytes [16]. Nevertheless, we were able to reduce dent manner, whereas a peptide that mimics the PS
region of PKC and - did not. The effects of the -PSPKC levels by 62%  9% (n  4) (Figure 2D) without
inducing cytotoxicity, and, under these conditions, only peptide were specific since the -PS peptide (but not
the/-PS peptide) inhibited PKCautophosphorylation30%  9% of cell-associated Hp was ingested (Figure
2E). By contrast, sense oligonucleotides (oligos) had no (Figure 2F, inset) and since the -PS peptide did not
prevent phagocytosis of IgG-opsonized organisms (Fig-effect on PKC levels or Hp phagocytosis (Figures 2D
and 2E). ure 2C). Over the time course of these experiments,
inhibition of PKC was not cytotoxic.To inhibit PKC by another mechanism, we treated
BMMs with a cell-permeable pseudosubstrate (PS) pep- Specific inhibition of PKC activity by cell-permeable
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PS peptides or by the blockade of enzyme translation
with ASODN inhibited Hp phagocytosis by 70%–96%.
However, depletion or inhibition of PKC (using ASODN
or calphostin C) reduced bacterial engulfment by only
15%–20%. Consequently, we reasoned that BMMs lack-
ing active PKC and PKC would resemble cells treated
with chelerythrine (Figure 2A). Indeed, treatment of
BMMs with PKC ASODN (12 	M, 3 days) followed by
-PS peptide (50 	M, 30 min) blocked Hp phagocytosis
by 96% 3% (n3). We conclude that PKC is essential
for Hp internalization and that PKC-dependent phago-
cytosis is enhanced by PKC.
PKC Regulates H. pylori-Induced
Actin Rearrangements
Studies in other systems have shown that PKC and
PKC are activated and targeted to membranes by the
lipid products of class IA phosphoinositide 3-kinases
(PI3Ks) [17, 18]. Our recent data indicate that class IA PI3Ks
are activated in Hp-infected macrophages (L.-A.H.A., et al.,
unpublished data), and preincubation of BMMs with the
PI3K inhibitors wortmannin and LY294002 prevented
both Hp internalization and the accumulation of PKC
and PKC in the plasma membrane beneath attached
bacteria (Figures 3A and 3B). As judged by in vitro kinase
assays, wortmannin also inhibited activation of PKC
and PKC in Hp-infected BMMs (96%  2% and 88% 
6% reduction, respectively [n  3]). These data suggest
that PKC and PKC are activated downstream of PI3K
in Hp-infected macrophages.
Localized actin polymerization is essential for phago-
cytosis [1], and we used rhodamine-phalloidin and fluo-
rescence microscopy to determine whether PKC regu-
lated actin rearrangements in Hp-infected BMMs. Either
direct inhibition of PKC by the -PS peptide or indirect
blockade of PKC activation with wortmannin prevented
the accumulation of F-actin at the membrane subjacent Figure 3. PKC Regulates H. pylori-Induced Actin Rearrangements
to attached Hp (Figure 3C). Although the precise role of (A) Phagocytosis of Hp 11637 by control BMMs (Con) and cells
treated with 100 	M LY294002 (LY) or 100 nM wortmannin (WTM)PKC at the Hp phagosome remains to be determined,
(n  3). Comparable data were obtained with Hp 60190. Neither LYthe available data suggest that 3
-phosphoinositides
nor WTM affected Hp binding (6–10 Hp/cell).and PKC collaborate to induce the actin rearrange-
(B) Effect of 100 	M LY on the accumulation of PKC and PKC
ments required for phagosome formation. (green) in the membrane beneath attached Hp (red). Arrowheads
PI3K activity is also required for internalization of IgG- indicate the cell perimeter in each confocal section.
coated particles [19, 20]. However, in contrast to the (C) Control BMMs (Con) or cells pretreated with 100 nM WTM or 50
	M -PS peptide were infected with Hp 11637, IgG-Hp, or IgG beadslink we observed between PI3K and PKC during phago-
(IgG-B) for 5 min, and the accumulation of F-actin near beads/cytosis of Hp, PI3K and PKC define distinct signaling
bacteria was scored with fluorescence microscopy [3]. Data arepathways during uptake of IgG beads [9]. In this case,
from three experiments performed in triplicate.
signaling downstream of PKC triggers particle en-
gulfment [7, 9], whereas PI3K regulates local exocytic
events required for phagosome closure [19, 20]. Conse-
sensitive PKC isoforms accumulate on forming phago-
quently, wortmannin blocks activation of PI3K without
somes and in this context regulate particle uptake, the
affecting PKC [9] or the actin cytoskeleton [19, 20]. In
respiratory burst, and phagosome-lysosome fusion.
support of this model, we found that neither wortmannin
Type I Hp have the unique ability to delay their uptakenor the -PS peptide prevented local actin polymeriza-
by macrophages and survive inside megasomes. Thetion in BMMs infected with IgG beads or IgG-Hp (Figure
results of this study demonstrate that, in contrast to3C). Thus, PI3K serves distinct functions in these two
other phagocytic stimuli, Hp is a poor agonist of DAG-systems. During rapid uptake of IgG particles, PI3K ac-
sensitive PKCs. Rather, these organisms define a here-tivity regulates phagosome closure. In contrast, during
tofore-unappreciated phagocytic pathway in macro-slow phagocytosis of Hp, PI3K regulates the actin cy-
phages that is regulated by atypical PKC.toskeleton via activation of PKC.
Supplementary Material
Conclusions Supplementary Material including Figures S1 and S2 and detailed
A defining feature of macrophages is the ability to ingest Experimental Procedures is available at http://images.cellpress.
com/supmat/supmatin.htm.and kill microorganisms. In most cases, multiple DAG-
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